blood-bone marrow barrier (Jelkmann and Wagner, 2004) . During fetal development, Epo is produced in the liver, while during adulthood it is mainly synthesized in the peritubular cells of the kidney (80%) in order to compensate for oxygen decrease during hypoxia (Bunn, 2013) . This function is developed through the hypoxia inducible factor (HIF-1) transcription factor (Toledo et al., 2006; Parra and Rodriguez, 2012) , which stimulates Epo gene transcription by binding to an enhancer that flanks the 3′ region of the gene, increasing hormonal production and release into the plasma. Epo effects are produced by Epo/EpoR interaction, which activates signaling cascades that act on the control of apoptosis, decreasing the rate of cell death in the bone marrow during the final stages of the development of erythroid progenitor cells, especially during the colony forming unit-erythroid (CFU-E) stage (Fisher, 2003) . This activation induces cell proliferation and maturation from normoblasts to reticulocytes, which are characterized by elimination of the nucleus and release from the bone marrow to blood circulation where final differentiation to erythrocytes occurs, having a half-life of approximately 120 days in normal adults (Sinclair, 2013) . The circulating hormone promotes the proliferation, differentiation and maturation of erythroid progenitors to erythrocytes, which ultimately improves the oxygen transport as their key function Bunn, 2013) . The normal plasma range of Epo in healthy individuals is 10-20 (mIU/mL) with a half-life of 7-8 hours (Toledo et al., 2006; Bunn, 2013) .
Furthermore, in addition to being produced in the kidney, secondary Epo production sites have been described in retinal cells and astrocytes, suggesting that this hormone has a function not only in hematopoiesis, but also in different tissue types participating in cellular protection from stress and preventing apoptosis. Epo expression in non-erythroid tissue accounts for about 15-20% of the total production throughout the organism (Ponce et al., 2013) .
Epo deficiency induces severe anemia in patients with chronic renal failure and renal failure associated with trauma, intensive drug treatments (patients with human immunodeficiency virus (HIV) or chemotherapy) or in patients with kidney transplants (Rabie and Marti, 2008) . In these cases, external supply of the hormone is a key treatment. Epo was the first hematopoietic growth factor cloned and is currently one of the most sold biopharmaceutical products worldwide, according to the Food and Drug Administration (FDA). Recombinant human Epo (rhEpo) is indicated in the treatment of patients with anemia and diseases associated with low concentrations of Epo in plasma; additionally, it has been described that these patients show significant cognitive improvement (Sargin et al., 2011; Jiang et al., 2014) .
EpoR
EpoR is a transmembrane receptor member of the type I cytokine superfamily, with a molecular weight of 66 kDa, which is pre-formed as homodimers on the cell surface with a density of about 1,000/cell (CFU-E) in bone marrow (Bunn, 2013) . The binding of Epo to its receptor induces a conformational change that results in the autophosphorylation by Janus kinase-2 (JAK-2). The protein trans-phosphorylates, which induce phosphorylation on tyrosine residues located in the cytoplasmic region of EpoR, create a binding site for other proteins during the amplification of the signaling cascade (Losdish et al, 2013) . Signaling pathways activated by EpoR include signal transducer and activator of transcription 5 (STAT-5), phosphoinositol 3′-kinase (PI3K), mitogen-activated protein kinase (MAPK), and protein kinase c (PKC) (Figure 2 ). This eventually leads to the regulation of cell cycle progression through phosphorylated protein kinase B (AKT), and also positively regulates anti-apoptotic proteins such as B-cell lymphoma 2 (Bcl2) and B-cell lymphoma-extra large (BclxL) (Shen et al., 2010) . The activation of EpoR also acts by directly inhibiting the action of pro-apoptotic proteins such as cytochrome c, or through p53 activation (Brines and Cerami, 2005) . The Epo region that binds with higher affinity to EpoR is characterized by possession of several highly hydrophobic residues, (B) N-glycosylated model of erythropoietin generated combining each tetra-antennas glycan to their respective amino acids in erythropoietin sequence, N24, N38 and N83. The presence of N-glycosylations did not compromise the binding site to the erythropoietin receptor. All amino acids involved in erythropoietin-erythropoietin receptor interaction were colored magenta and define regions which remain largely conserved between both glycosylation states.
Figure 2 Pathways involved in EpoR activation.
Principal signal pathways activated to induce neuroprotection when Epo interacts with EpoR or EpoRβ (expressed in CNS) in response to hypoxia or different types of stress, such as ischemic brain events or inflammation induced by Alzheimer′s disease. Epo or EPO: Erythropoietin; EpoR: Epo receptor; CNS: central nervous system; HiF-1: hypoxia inducible factor; Aβ: beta amyloid peptide; ATP: adenosine triphosphate; JAK: Janus kinase; ROS: reactive oxygen species; GSK-3β: glycogen synthase kinase 3 beta; AKT: protein kinase B; PI3K: phosphoinositol 3′-kinase; STAT5: signal transducer and activator of transcription 5; MeK-1: mitogen-activated protein kinase kinase; Erk1,2: extracellular-regulated kinases 1,2; Bcl2: B-cell lymphoma 2; BclxL: B-cell lymphoma-extra large.
such as , that are attached to the nonpolar chains of Epo, forming a hydrophobic core which interacts with a specific intrasubunit receptor motif ("WSEWS motif ", residues 209-213) directly related to receptor expression, translocation to cell membrane and its activation (Cheetham et al., 1998) . It was shown that there are two regions of the Epo molecule that bind to the receptor: the first binds to a region that has a high affinity (K M of 1 nM), and a second region that has a lower affinity, one thousand times smaller (K M 1 μM) (Cheetham et al., 1998) .
EpoR production is inefficient, only 10% of the receptor is transported to the cell membrane, and its transport requires the binding of the N-terminal portion of JAK-2 to the cytoplasmic region of the receptor in the endoplasmic reticulum in order to promote proper folding of the protein and sorting to the surface of the cell membrane. Hence, JAK-2 is essential for EpoR signaling when it is activated (Javadi et al., 2012) .
However, expression of EpoR has also been observed in non-erythroid tissues, explaining the pleiotropic effects described for Epo (Lappin et al., 2002; Jelkmann and Wagner, 2004; Wagner et al., 2004; Brines and Cerami, 2005) . The Epo non-canonical receptor expressed in non-erythroid tissues is structurally different from the classical EpoR because it is a heterodimer composed of a monomer of the canonical EpoR and another subunit of the "β-common receptor", also known as CD131 (EpoR-β comm), which is identical to the beta region of cytokine receptors such as interleukin-3 (IL3) receptors or granulocyte macrophage colony-stimulating factor (GMSCF) receptors (Brines et al., 2004; Su et al., 2011) (Figure 3) . It is important to mention that heterodimers of the non-canonical receptor are involved in the neuroprotective effects exerted by Epo on in vitro assays, similar to the ones observed with classical homodimer EpoR conformations. These results reinforce the idea that the activation of EpoRs on homodimer or heterodimer conformations is necessary to obtain neuro-protective effects (Jelkmann and Wagner, 2004; Wei et al., 2006; Yu et al., 2016) .
EpoR is expressed in the central nervous system (CNS) as a heterodimer (EpoR-β comm), suggesting that Epo may play a specific role in this tissue (Brines and Cerami, 2005; Rabie and Marti, 2008) . It has been reported that the involvement of EpoR is critical for in vitro neuroprotection. For example, a neuroprotective effect was observed in PC12 cells pretreated with Epo for 1 hour previous to treatment with beta amyloid peptide (Aβ)25-35 peptide during 6 or 12 hours, and this effect was lost when an inhibitor of STAT-5 (a major signaling pathway activated by EpoR) was used . Similarly, in vivo neuroprotection was observed in rats pretreated with Epo for 10 minutes before inducing ischemia by a middle cerebral artery occlusion model (MCAO), where the neuroprotective effect was evaluated by measuring the area of damaged tissue in histological sections, showing a decrease in necrotic tissue and in the percentage of edema in animals pretreated with Epo (Ratilal et al., 2014) . Also, an increased expression of EpoR has been reported in ischemic brain regions in animals treated with different doses of Epo (Yu et al., 2005; Castañeda-Arellano et al., 2014) . Similar neuroprotective effects with pretreatments of Epo were reported in other animal models, such as Drosophila melanogaster that were subjected to stress periods, under conditions of hypoxia, which also showed that this effect is dependent on activation of EpoR (Miljus et al., 2014; Yu et al., 2016) .
Different Isoforms of Epo
One disadvantage of Epo as a neuroprotective agent is its natural capacity to increase the hematocrit, which can quickly elevate blood influx to brain tissue, increasing the risk of cerebrovascular reperfusion. Thus, it is necessary to increase the range of doses to obtain neuroprotective effects when Epo is used as a peripheral treatment. Therefore, different ways to activate EpoR with minimal hematopoietic effects have been described (Pankratova et al., 2010) . Since then, different isoforms of Epo have been designed, especially with chemical modifications to increase its efficacy. Masuda et al. (1999) demonstrated that when sialic acids are removed, the molecule increases its affinity for EpoR. Furthermore, a difference has been observed between systemic-Epo and CNSEpo due to a modification in the glycosylation tree (Masuda et al., 1993) . Epo produced in the retina and brain also differs from the variant produced by the peritubular cells in kidney, with respect to its sialic acid substitutions; the former almost completely devoid of sialic acid substituents called neuro-EPO (Moon et al., 2006; Parra and Rodriguez, 2012) .
Another chemical modification reported to reduce the hematopoietic effect is carbamylation of lysine residues that cause a conformational and functional change on Epo because all lysines are replaced by homocitrulline, totally depleting the hematopoietic effect Wang et al., 2004) . On the other hand, the synthesis of peptides that mimic the interaction zone between Epo and EpoR, promoting its activation without hematopoietic effects, has been described, but the half-life of the hormone is extremely short (around 4 minutes) . These peptides were modified to improve stability and to increase its half-life, obtaining a new peptide-version with a high affinity to EpoR, converting them into potential agonists of the EpoR that can produce a decrease in inflammation, providing cytoprotection (Pankratova et al., 2010; Zellinger et al., 2011; Liu et al., 2015) .
Neuroprotective Effects of Epo on Ischemic Injury
Ischemic injury is characterized by a decrease in adenosine triphosphate (ATP), disruption of the Na + /K + pump and ATPase, which results in severe ionic dyshomeostasis. In the brain, those events are followed by an enhanced excitotoxic tone mediated by glutamate, acidosis, calcium channel dysfunction, release of nitric oxide (NO), plasma membrane disruption, and release of pro-inflammatory cytokines, finally leading to activation of "death receptors" and apoptosis. Thus, caspase activation, especially caspase 3 which is overexpressed in neuronal apoptosis processes, could be the cause of cell death by ischemic injury Grupke et al., 2015; Siddiqui et al., 2015) .
Epo treatment (in vitro or in vivo) induces neuroprotection against different forms of injury, including ischemic toxicity (Gui et al., 2011) . It has been reported that Epo and EpoR expression in the brain is minimal, but in the case of injury, such as ischemia, an increase in EpoR occurs, especially on endothelial cells, astrocytes, and even neurons (Sargin et al., 2011; Wu et al., 2011; Zhang et al., 2011; Ott et al., 2015) . In fact, it has been reported that Epo can protect neurons in vitro during hypoxia events, where EpoR is up-regulated by those same events (Parra and Rodriguez, 2012) . On the other hand, it has been reported that Epo can modulate the activity of channels by regulating the cell volume and neurogenesis on areas affected by ischemic injury and reperfusion (Iwai et al., 2007 (Iwai et al., , 2010 . The neuroprotective effects of Epo in vivo have been reported in the MCAO model, where a 35% reduction was observed for the edema and necrotic zones, versus the healthy zone . In addition, Epo treated animals showed an increase in EpoR expression in brain ischemic zones (Yu et al., 2005 (Yu et al., , 2016 Castañeda-Arellano et al., 2014; Ratilal et al., 2014) .
In hypoxia models developed on cardiomyocytes, different doses of Epo induced a dose-dependent upregulation of peroxisome proliferator-activated receptor γ co-activator 1 α (PCG1α) mRNA, a key regulator of mitochondria biogenesis, and also increased the number of mitochondria. These results suggest a positive effect of the hormone in mitochondrial biogenesis, and anti-apoptotic mechanisms (Qin et al., 2014) . Epo has been associated with an inhibition of mitochondrial permeability transition pore opening, reduction in brain edema and caspase-3 expression in rats with traumatic brain injury, suggesting a direct relationship between neuro-protection and mitochondrial health (Millet et al., 2016) . In parallel, Epo pretreatment reverts the decrease in mitochondrial membrane potential induced by ischemic injury .
Neuroprotective effects were observed in patients with acute ischemic stroke and treated using rhEpo at 6, 24 and 48 hours after injury (by Barthel index). However, a negative effect was observed when Epo was used in conjunction with thrombolysis therapy, using recombinant tissue plasminogen activator (rtPA), at the same times as post treatment protocol, suggesting that Epo is unsuitable for use in combination with a thrombolytic drug such as rtPA (Ehrenreich et al., 2002 (Ehrenreich et al., , 2009 ).
Neuroprotection of Epo on Neurodegeneration
The main clinical use of Epo is focused on treatment of anemic conditions in patients with special conditions like renal chronic failure, however, an increase in cognitive function observed in these patients (Rabie and Marti, 2008) has been correlated with an increase in EpoR expression in hippocampus, amygdala and prefrontal cortex induced by hypoxia. This increase has been associated to the activation of HIF-1, which is also activated by other important factors with high pro-inflammatory activity like tumor necrosis factor alpha (TNFα), interleukin-1 beta (IL1β) or lipopolysaccharide (LPS) (Rabie and Marti, 2008; Ponce et al., 2013) .
Many diseases related to the CNS have a very important pro-inflammatory component, for example, cerebrovascular infarction, schizophrenia, amyotrophic lateral sclerosis (ALS) and neurodegenerative diseases like Alzheimer's disease (AD) or Parkinson′s disease (PD) (Chong et al., 2013) . AD and PD are the most prevalent types of dementia in people over 60 years of age (World Health Organization, 2011). In the case of AD, it has been suggested that accumulation of Aβ 1-42 peptide is directly related with cellular apoptosis and DNA fragmentation. Those processes have been stopped in some experimental approaches using rat hippocampal neurons pretreated with Epo during 1 hour, versus neuronal cells that were not treated with Epo Maiese et al., 2005; Shang et al., 2012) . These results correlate with an increase in cognitive function, as evaluated by the Morris water maze test, and with a decrease in apoptotic signals observed in brain lysates of mice injected intraventricularly with Aβ 25-35 and pretreated for 4 days with 3 daily doses of Epo. Additionally, Epo treatments have been associated with stimulation of neuronal proliferation in the dentate gyrus of hippocampus in an AD animal model (Arabpoor et al., 2012; Maurice et al., 2013) . These data correlate with results that show an increase in EpoR expression in brain lysates from AD patients, when compared with brain lysates of healthy patients (Assaraf et al., 2007) .
Also, similar to AD, a neuroprotective effect has been observed in various models of neurodegenerative diseases, in particular PD, where prevention of cell death, mediated by activation of EpoR activation and the 1,4,5-triphosphate (IP3) pathway, was seen in different in vitro tests (Park et al., , 2011 Won et al., 2009) . Similar effects were observed in other neurodegenerative alterations such as ALS, where there is selective death of superior motoneurons (motor cortex and brain stem) and inferior motoneurons (spinal cord). This causes a gradual loss of muscle innervation leading to paralysis and atrophy-like symptoms in patients between 40 and 70 years old. ALS is characterized by muscle weakness, incoordination and spasms, finally causing general paralysis which results in patient death produced by respiratory failure after 3 or 4 years. It has been reported that only 10% of these cases are associated with a familial component; while 20% are associated with mutations in the superoxide dismutase 1 (SOD1) gene (Noh et al., 2014) . In animal models of ALS (transgenic mouse SOD1, G93A), treatment with Epo during 120 days prevented the death of motoneurons (Noh et al., 2014) . Also, pretreatment with Epo prevented the release of pro-inflammatory cytokines and promoted the synthesis and release of anti-inflammatory cytokines in the same model (Nagańska et al., 2010; Noh et al., 2014) .
These data support a neuroprotective role of Epo against several diseases related to the CNS, especially AD and PD, suggesting that EpoR could represent an interesting target to develop new therapeutic strategies (Noh et al., 2014) .
Epo and AD
The Aβ in AD is responsible for the loss in ionic homeostasis, due to its ability to perforate the cell membrane, forming a pore which allows the massive entrance of cations, especially calcium, inducing apoptosis (Kumar et al., 2015) . It has been described the existence of molecules that are able to prevent the activation of the apoptotic pathway in cellular models pretreated with amyloid beta peptide, Epo being one of these. Activation of EpoR initiates transcription of Bcl2 genes that block apoptosis and prevent cell death (Sargin et al., 2010; Esmaeili Tazangi et al., 2015) . It has been proposed that Epo-induced neuroprotection is mediated by EpoR activation, followed by an increase in nuclear factor kappa-light-chain-enhancer activity of activated B cells (NFκB), causing an inhibition of apoptotic proteins and blocking the activation of caspases induced after the typical accumulation of TNFα observed in AD patients (Stefani et al., 2006) . The blockade of caspase activity is directly related with other pathways activated by EpoR, e.g., the activation of Bcl-xL that causes a decrease in ROS (Stefani et al., 2006; Pasqualetti et al., 2015; Buendia et al., 2016) . The relationship between these two effects and the activation of EpoR has been demonstrated through the silencing of EpoR in astroglia, using siRNA techniques (Lourhmati et al., 2013; Zhou and Yu, 2013) , and also, in vitro experiments using PC12 cells demonstrated the neuroprotective effect of Epo against toxicity induced by Aβ. Studies have shown that the protective effects of Epo depend on its concentration, the activation of its receptor and also the activation of JAK/ STAT, PI3K, and RAS pathways that increase phosphorylat-ed AKT, which was significantly increased in cells treated with Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and Epo, and confirmed by the use of the PI3K inhibitor LY294002 (Ma et al., 2009; Shen et al., 2010; Shang et al., 2012) . Also, it has been found that Epo increases the phosphorylation of glycogen synthase kinase 3 beta (GSK-3β) via the PI3K/AKT pathway (Zhou and Yu, 2013) , causing its inhibition. This event may represent a downstream mechanism by which Epo exerts its protective effects against Aβ 25-35 -induced apoptosis . Furthermore, it was demonstrated that Epo treatments induced up-regulation of Bcl-2, contributing to the neuroprotection against Aβ toxicity (Chong et al., 2013; Jia et al., 2014; Ma et al., 2014) .
The cytoprotective and anti-apoptotic effects of Epo have also been described in studies using the microglial cell line EOC2, where these effects could be associated with Wnt1 and PI3K-mediated pathways, also suggesting the involvement of the mammalian target of rapamycin (mTOR) pathway in the protection of microglial cells during Aβ toxicity (Ott et al., 2015) . Thus, it has been shown that Wnt1 is a central component in the promotion of microglial integrity, preventing the loss of these cells during early and late apoptotic injury by Aβ exposure (Ott et al., 2015) . Wnt1 regulates the apoptotic cascade by maintaining the mitochondrial membrane potential, phosphorylating and fostering the translocation of Bad from the mitochondria to the cytosol, reducing the formation of Bad/Bcl-xL complex, and increasing the formation of the Bcl-xL/Bax complex, and blocking the activation of caspase 1 and caspase 3 through Bcl-xL . Application of Epo (10 ng/mL) in microglia significantly maintained the expression of Wnt1 at 6 hours after Aβ exposure, which may suggest another probable mechanism to prevent Aβ-induced toxicity .
In addition, this study also shows that Epo treatments can maintain mitochondrial membrane potential during Aβ exposure in microglial models, indicating that Epo can block apoptotic signaling like caspase activity during brain injury and neurodegeneration .
On the other hand, an interesting role has been suggested for EpoR regarding neurite growth during neurogenesis of hippocampal cells, and also in decreasing apoptosis in cells from the dentate gyrus in an AD model, via STAT-5 activation pathway, among others (Pankratova et al., 2010; Zellinger et al., 2011; Arabpoor et al., 2012) . In the parallel, several studies have assessed the improvement in cognitive functions and spatial memory in animal AD models treated with several intraperitoneal doses of Epo (Adamcio et al., 2008; Pankratova et al., 2010) . In the hippocampus, the effect of Epo was shown to be selective for memory, since no effect was seen on anxiety, spontaneous activity, exploratory behavior, or motor performance (Adamcio et al., 2008) . All this evidence suggests the exciting idea that the selective effect of Epo on the enhancement of memory could be medi- For the classical EpoR, its functional conformation corresponds to a homodimer structure, and the two colors used (gray and light blue) for each chain differ only for schematic purposes. (B) Complex Epo/EpoRβ generated in a manner similar to the previous complex, with the exception that EpoRβ is a functional heterodimer, incorporating the beta common subunit formed by two interlaced chains colored red and orange, respectively. The number of amino acids in the interface is slightly lower than Epo/EpoR, however, both receptors are able to interact with Epo in a stable and energetically favorable manner. Epo: Erythropoietin; EpoR: Epo receptor.
ated by the activation of EpoR on hippocampus, representing a novel target for the treatment of neurodegenerative diseases.
Other studies have found a decrease of lipid peroxidation in brain samples from AD animals treated with Epo, which correlates with an increase of Bax levels . Also, it has been shown that Epo selectively induces the synthesis of the neuroglobin protein in damaged regions, promoting angiogenesis and protection of the vascular endothelium, which are key factors that contribute to neurogenesis and neuroplasticity in injured brain tissue (Maurice et al., 2013; Esmaeili Tazangi et al., 2015; Maiese, 2016a, b; Ding et al., 2017) .
According to the previously commented results, the Epo treatment on AβPP/PS1 transgenic mice showed reduction of the cortical areas positive for Aβ plaques in around 20%, after treatment during 3 days/week for 4 weeks, correlating this evidence with results showing an enhancement in the performance of these transgenic mice on V-maze trials (Armand-Ugón et al., 2015; Ott et al., 2015) .
In agreement with results for the requirement of EpoR activation, other studies have reinforced this idea with more data using carbamylated Epo (CEPO), and histological analysis found that the area covered by Aβ plaques in the cerebral cortex (calculated with respect to the total cerebral cortex area) of AβPP/PS1 transgenic mice was 1.3%, and that this value was reduced by 20% after treatment with Epo during 3 days/week for 4 weeks. Later, these mice were evaluated by the V-maze test to assess memory function and these data indicate that chronic treatment with EPO and CEPO improved memory of AβPP/PS1 animals to levels similar to wild type animals (Armand-Ugón et al., 2015; Ott et al., 2015) .
Using field stimulation experiments, it has been demonstrated that Epo treatments on the Schaffer collateral-CA1 hippocampal areas are able to revert the extreme inhibition in long-term potentiation (LTP) induced by Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , also showing a decrease in glutamate release in the same animal model of AD (Esmaeili Tazangi et al., 2015) . Other research suggests Epo is able to recover GSK-3β activity, which is inhibited by Aβ 42 (Gan et al., 2012; Ponce et al., 2013; Li et al., 2015) .
Finally, current evidence suggests that Epo exerts its neuroprotective effects through activation of its receptor (EpoR), resulting in the activation of several pathways that block apoptosis and thereby reducing the damage induced by different types of stress, such as inflammatory or ischemic brain processes or neurodegenerative diseases that produce synaptic disconnection and/or silencing. Therefore, the development of new Epo isoforms lacking hematopoietic effects could be considered new potential targets, able to exert neuroprotection without the risk of vascular damage. 
